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This report describes an experimental investigation of the equivalence 
relationship and the related theory for lifting forces proposed by trsn- 
sonic slender-body theory. The models chosen for this study are a flat, 
winglike, elliptic cone-cylinder and its equivalent body of revolution, 
a circular cone-cylinder. It is determined that the flows about the two 
models are closely related in the manner predicted by the theory, the 
relationship persisting over a Mach number rsnge of 0.92 to 1.05. Further, 
it is shown that the lifting forces on the elliptic cone-cylinder vary 
linearly only over the small me-of-attack range o,f approximately +l" 
and that the aerodynamic load- at sonic speed compa=s favorably with 

d Jones' slender-wing theory. 

The results of the investigation suggest that at trsnsonic speeds snd 
at smsll angles of attack the calculation of sLL aerodynamic characteris- 
tics of slender, three-dimensional shapes can be made by use of transonic 
slender-body theory when the pressures on the equivalent body of revolu- 
tion are Imown, either by experiment, or by sn adequate nonlinear theory. 
From transonic slender-body theory it is deduced that the slenderness 
required for this application J.8 the same as that required for the 
successful application of the transonic area rule. 

INTRODUCTION 

The basic equations governing trsnsonic flows with small perturbations 
have been well established. Techniques have been developed'for solving the 
resulting nonlinear problem for the case of two-dimensional flows. The 
three-dimensional problem, however, has proven more formidable. Although 
solutions of the sxisymmetric case have been developed, such as Yoshihara's 
cone-cylinder solution (ref. l}, and Oswatitsch's and Keune's approximate 
solutions for bodies of revolution (ref. 2), efforts to solve the more 
general problem of a three-dimensional shape, such as a wing-body combina- 
tion, have led thus far only to the develomnt of theories which relate 
solutions. An empirically developed relation is Whitcc&'s transonic srea 
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rule (ref. 3), which near the speed of sound equates the drag rise of a 6 
slender shape to the drag rise of a body of-revolution having the same -2 
streamwise area distribution. Some theoretical justificatfon for the 
application of this rule has been given by Harder and Klunker (ref. 1L). L 
Oswatitsch independently quoted his equivalence rule of trsnsonic flow -. 
(refs. 5 and 6), which relates the flow about bodies with the same stresm- 
wise area distribution. Heaslet and Spreiter (ref. 7) have presented a 
formal transonic slender-body theory which relates the flow about a slender, 
three-dimensional object to the flow about its equivalent body. These 
theories extend the concepts of linearized slender-body theory to tran- 
sonic speeds. The basic nonlinearity of the problem still remains, how- 
ever, since the transonic solution to the flow about the equivalent body 
must still be determined. 

It is the purpose of the present report to present the results of an 
experimental study of the trsnsonic flow about a flat, winglike, elliptic 
cone-cylinder and its equivalent body of revolution, a circular cone- 
cylinder, with a view toward determining the applicability of trsnsonic 
slender-body theory. The experimental data are studied first to see if 
the theoretically predicted equivalence relation actually occurs, second, 
to see if the range of applicability of the theory can be defined, and 
third, to see if the related theory for the lifting forces is applicable. 
To obtain the necessary experimental data for these purposes, the local 
pressures on the surface of an elliptic cone-cylinder and a circular cone- 
cylinder were measured in a transonic wind tunnel. These models were 
chosen for the investigation because their favorable pressure gradients 
would keep viscous effects to a minimum. Further, a slenderness condition 
was also fulfilled. The elliptic cone model was designed to simulate a 
slender, planar wing. 
parameter, A(t/Z)lj3, 

The resulting value for the transonic similarity 
was 0.78 which, it was concluded, would place the 

elliptic cone model in the family of trianguJ.ar plan-form wFngs for which ._ 
the transonic area rule is applicable (ref. 8). 

SYMBOLS 

A aspect ratio 

CP 
P-Pa 

pressure coefficient, s, 

ACP difference In pressure coefficient across wing, Cpz - CPU 

h half-tunnel height 

2 length of conical part of models 

m tsngent of the semiapex angle of the wing plan form t 

&u free-stream Mach number 
Y 
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static pressure 

free-stream static pressure 

free-stream dyamic pressure, $ pJJw2 

body radius 

wing span 

streamwise area distribution 

maximum wing thickness 

free-stream velocity 

longitudinal, lateral, and normal coordinate system 

angle of attack, deg 

sin" & 

free-stream density 

perturbation potential 

Subscripts 

two-dimensional 

body 

lower surface 

due to thickness 

upper surface 

Wing 

derivative with respect 

due to angle of attack 

to x, y, or z 

Superscript 

* conditions at the sonic point 
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AIJPARATCTS + 

The experimental study was made in the Ames 2- by 2-foot transonic 
wind tunnel, which is of the closed-circuit, variable-pressure type. The 
wind tunnel is fitted with a flexible nozzle followed by a ventilated 
test section of 6-percent open area which permits continuous choke-free 
operation from 0 to 1.4 Mach number. For a more detailed description of 
the tunnel, see reference 9. Condensation effects are rendered negligible 
by maintaining the air in the tunnel at a specific humidity of less than 
0.0003 pound of water per pound of air. 

F 

- 

Dimensional details of the models are shown in figure 1. Both models 
were constructed of steel. 

The triangular portion of the plan form of the elliptic cone-cylinder 
is of aspect ratio 2 and thickness ratio 6 percent. Cross sections of the 
elliptic cone-cylinder model taken normal to the x axis or flight direc- 
tion at zero angle of attack are all ellipses with the minor axis equal to 
6 percent of the major axis. The afterportion of the model was constructed - 
so as to preserve a constant cross-sectional area distribution as the wing 
changed from an elliptic to a circular cross section for attachment to the 
wind-tunnel support sting. This afterbody design was expected to reduce 
flow disturbances that might propagate upstream at high subsonic Mach l 
numbers. 

The circular cone.model was constructed to have the same longitudinal $ 
area distribution as the elliptic cone mode&. 
half-angle be 6'59'. 

This required that the cone 
The afterportion of the model is a circular cylinder 

with a constant cross-sectional area distribution. .- 

Surface pressures were determined on bath models by means of 0.016- 
inch-diameter orifices located on one side of each model at the positions 
listed in figure 1. Orifices were placed in only one surface of the 
elliptic cone-cylinder in order to simplify the design and construction 
of the model. As indicated in figure 1, however, additional orifices were - -- y 
provided in the opposite side of both the circular and elliptic cone models - 
to provide a check on the angle-of-attack settings. All orifices led 
directly to internally located stainless-steel tubes which emerged from 
the interior of the models at the rear. The tubes were connected to a 
multiple-tube manometer utilizing tetrabromoethane (specific gravity 2.97) 
as the measuring fluid. 

Support for the models in the test section of the wind tunnel was 
provided by a l-inch-diameter sting as shown in figure 2. The models 
blocked 0.25 percent of the test-section cross-sectional area. 

Y 
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The test program consisted of the measurement of the pressure distri- 
bution on the circular and elliptic cone models at zero angle of attack, 
the measurement of the pressure distribution on the elliptic cone when at 
angle of attack, and a special test consisting of the measurement of the 
pressure distribution on the circular cone model at zero angle of attack 
in a larger transonic wind tunnel, the Ames 14-foot transonic wind tunnel. 
This latter test was performed to evaluate the magnitude and extent of 
possible wall interference in the 2- by 2-foot transonic wind tunnel. 

Since a complete set of orifices was present in only one surface of 
the elliptic cone-cylinder, it was necessary, in order that complete data 
might be obtained, to test at both positive and negative angles of attack. 
Pressures on the model surface were recorded by photographing the manometer. 
Two photographs of the manometer were taken at each test condition, one 
when it was judged the pressures had reached equilibrium and the other 
approximately one minute later. When the data were reduced it was dis- 
covered that in the majority of the comparisons the two photographs were 
identical. For the cases where differences occurred, the second of the 
two readings was used to reduce the data. 

Determination of the free-stream Mach number in the wind-tunnel test 
section was made by (1) assuming isentropic flow between the tunnel reser- 
voir and test section and (2) measuring the total pressure in the reservoir 
and the static pressure in the plenum chamber that surrounds the porous- 
walled test section. It has previously been determined (ref. 9) that the 
static pressure in the plenum chamber is equal to the empty tunnel free- 
s-bream static pressure at the model location. The Reynolds number of the 
test was held constant at 2.4xl.os, based upon the 5.50-inch length of the 
conical part of the models. 

REDUCTION AND PRECISION OF IXTA 

The static pressures measured at the orifices on the surface of the 
models were reduced to stsndard pressure-coefficient form, . The angles 
of attack at which the data are presented have been correcte for the 
elastic deflection of the model and support sting. 

Certain random errors of measurement exist which determine the preci- 
sion or repeatability of the data. An analysis of the precision of the 
Mach number, angle of attack, and pressure coefficient has been made and 
the random uncertainties at three representative Mach number are listed 
below: 

‘I 
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~00 = 0.8 ~00 = 1.0 & = 1.2 

Moo ko.003 ko.004 N.002 
a +.1 Lt.1 +.1 

CP k.002 1.002 k.002 

The experimental data in the transonic range were influenced by wind- 
tunnel-wall interference. An evaluation and discussion of the interference 
on the circular cone-cylinder at zero angle of attack is given in the 
appendix. Wall interference at angle of attack was not evaluated. Even 
though this study shows interference to be present, it is assumed, for 
reasons stated in the appendix, that the comparisons made to evaluate the 
equivalence relationship are valid. 

S-Y OF !IRANSONIC SL;EMDER-RODYTHRORY 

The following section describes, in a simple manner, the transonic 
slender-body theory that is under experimental investigation herein. 
Perhaps the simplest method of presenting the theory, the approximations 
involved, and the expected limitations is first to describe the closely 
related and well-developed theory of slender wing-body combinations at 
subsonic and supersonic speeds as developed by Jones (ref. lo), Ward 
(ref, ll), and Heaslet and Lomax (ref. l-2). 

If the assumption is made -that the body, wing, or wing-body cortibina- 
tion under consideration is slender in the streamwise direction, and if 
attention is focused on the flow field in the vicinity of the configura- 
tion, the perturbation potential is given by-the relation 

cp = ‘p, + f(x) 0) 
The above equation states that the perturbation potential about a slender 
three-dimensional object flying at either subsonic or supersonic speeds 
is approximated in the vicinity of the configuration by the sum of two 
potential fields. The first term, cp,, is the solution to the two- 
dimensional Laplace equation and the boundary conditions in transverse 
planes, while the second term, f(x), 16 dependent solely upon the stream- 
wise gradient of area of the configuration. 

The basic ideas of the slender-body approximation delineated above 
have been applied to the nonlinear trsnsonic.-flow equation by Harder.and 
Klunker (ref. 4), Oswatitsch and Keune (refs. 5and 6), and Heaslet and 
Spreiter (ref. 7). Harder and Klunker derived the expression 

(2) 
which is of the same form as given in equation (l), but with the important 
difference that the unknown function g(x) now replaces the previously 
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known f(x). One of the properties of g(x), identical to that of f(x), 
is that it depends solely upon the stresmwise area distribution, and thus 
wKLl be the same for a slender wing and its equivalent body of revolution. 

Oswatitsch's equivalence rule of trsnsonic flow may be stated as 
follows: "The solution for transonic flow around a thin, nonlifting, low- 
aspect-ratio wing can be obtained from that for a nonlifting body of revo- 
lution having the same longitudinal distribution of cross-sectional area 
by superposing the difference between the two-dimensional harmonic cross- 
flow solutions for the two bodies." It is to be noted that the equivalence 
rule and the equations above actually express the same fundamental concept. 

A complete analysis of slender-body theory at transonic speeds has 
been given by Heaslet and Spreiter (ref. 7). Equation (2) is also obtained 
from their formal analysis, but with important additional information. It 
is shown that the relative error made in neglecting the next highest term 
in the analysis is of order (tss/Z*). Furthermore, the slender-wing theory 
of Jones is shown to be the applicable theory for computing lifting forces, 
with the additional condition that the angle of attack must be small. This 
condition is caused by a coupling between the effects of thickness snd 
angle of attack which becomes pronounced when the angle of attack is the 
order of magnitude of the thickness ratio. 

‘d 

P 

As to the degree of slenderness required for the application of the 
theoretical relations described above, it can be reasoned that since the 
transonic area rule is also predicted by equation (2), any limitation to 
the application of the area rule would also reflect a limitation to the 
application of the above theory. Limitations to the transonic area rule 
have been defined experimentally in a few cases (e.g., refs. 8 and 13). 
Hence, it csn be concluded that these limitations also apply to further 
applications of the relation expressed by equation (2). 

The expected usefulness of equation (2) lies in its application to 
slender three-dimensional shapes flying at transonic speeds. If the 
equation is written twice, once for the slender shape (say, a wing), 
once for the equivalent body, and then one subtracted from the other, 
there is obtained 

where 
%I 

is shown as having contributions from both the thickness and 
the angle of attack of the wing. The first three terms on the right of 
the equation are two-dimensional crossflow potentials and can be obtained 
from solutions of Laplace's equation, 'pyy + 'pzz = 0. The last term on the 
right is the full transonic solution for the body and must be obtained 
from a solution of the transonic small-disturbance equation or from weri- 
ment. Since the purpose of the present report is to investigate experimen- 
tally the equivalence relationship, it is pertinent to write equation (3) 
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in terms of pressure coefficients. The derivation of the expression for 
pressure coefficient from the potential equation is given for planar 
shapes in reference 7. The expression is 

cpw= CpB 2 Lp 
- u, ax 

%&d 
37 + 29l 

2nS(x)+ Is,(x) I2 
SC 43-e) 

. 

r 

where the remaining two-dimensional potential term & cp+ is obtained 
88 noted before, and S(x) is the stresmwise area distribution of the 
equivalent body. The pressure coefficient, (3%' refers to the values at 
the surface of the equivalent body. It is seen, therefore, that if the 
pressure coefficient on a slender body is known at transonic speeds, the 
pressure coefficient and, correspondingly, the aerodynamic forces can be 
determined on any slender object that has the ssme streamwise distribution 
of area as that of the body. 

To specialize equation (4) to the models under investigation, we 
write for the longftudinal area distribution of the elliptic cone, 

s(x)=- (5) 
- 

I 

where m is the tangent of the plan-form semiapex angle, 2 is the length 
of the conical -portion of the model, and t is the maximum thickness. P - 
The crossflow potential, cp is determined for the nonlifting planar case _ .~ 
from the expression =w' 

(6) -. 
where a x Z, is the surface slope of the elliptic cone given by 

2 zu = mtx 
22(m2x2-ya)1'2 

Evaluation of equation (6) in the z = 0 plane yields for the crossflow 
potential 

Combining equations (5) and (8) in equation (4), one obtains for the 
surface pressure coefficient on the elliptic cone 

Y 



NACA TN 4233 9 

cpw = CUB - g(l+ln 2) 

. 

For our elliptic cone, for which m = l/2, and t/22 = 0.03, equation (9) 
reduces to 

c9,r = CpB - 0.0364 

where 
%a 

is obtained on the surface of the equivalent circular cone- 
cylinder body of revolution which has a half-angle of 6"Tg1. 

A more exact representation of the zero-lift pressures on the elliptic 
cone can be obtained by satisfying the boundary conditions for the determL- 
nation of the crossflow potential at the surface of the elliptic cone 
instead of in the z = 0 plane. Such a crossflow solution for the elliptic 
cone is presented in reference 14 for linearized slender-body theory. This 

solution can be utilized for the present purposes, and, after some reduc- 
tion, there is obtained 

'Pw = "I3 + m(> 4m(t/22) 
g 2n (mt/22)= -m ' + m%in27j+(t/2Z)2cos2q 0 

m2(t/22)2 

cu 

* where 7 = Sbil&OX. Along the center line, where y = 0, this more 
exact expression predicts for the elliptic cone of m = l/2, t/22 = 0.03, 

% = % - oao372 (=9 
as contrasted to the previous expression (10) for the planar case. Thus, 
it is seen that the difference along the center line is small. At the . 
leading edge, however, where y = mx, equation (ll) predicts a partial 
stagnation pressure of magnitude 

% = % + Oa212 03) 

which the planar boundary condition case does not predict, since equa- 
tion (10) applies everywhere on the surface., 

FtEEXJLm AND DISCUSSION 

Y 

Y 

The experimental data obtained during the course of the Fnvestigation 
are presented in two forms. A large portion of the data is tabulated and 
can be found in table I. Selected portions of these data are subsequently 
presented in graphical form to evaluate various phases of the transonic 
slender-body theory described previously. The data at zero angle of attack 
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are examined to see if the equivalence relationship proposed by the theory e 
is valid at sonic speed. The data at Mach numbers other than 1 are studied 
to determine the range of speeds about &, = 1.0 for which the equivalence 
relationship holds. Further, the lifting pressures on the elliptic cone -L 
model are examined and compared with existing theories for the angle-of- 
attack case. 

Flow Equivalence at Sonic Speed 

From the previous discussion of the transonic slender-body theory it 
is to be expected that a marked similarity should exist between the pres- 
sure coefficients observed on the two test models at sonic speed. In 
fact, equation (10) from the previous section indicates that the data 
should differ by a fixed constant. It is also possible to predict the 
pressure coefficient on the elliptic cone by adding this same constant to 
the data from the circular cone-cylinder, calling the resultant values the 
'*equivalence prediction'* of the pressures on the elliptic cone. Figure 3 
shows the experimental pressure distribution on the two test models for 
Moo = 1.0. The data for the elliptic cone are shown for the center line 
where y/mx = 0. Also included in the figure is the equivalence predic- 
tion derived as described above. Inspectionof the figure shows remark- 
able agreement between the elliptic cone data and the "prediction" from 
the theory, thus indicating the validity of the equivalence relationship. 
It can be noted that the only basic difference in the two curves appears 
just upstream of the cone shoulder. At first thought, one might attribute 
this difference to viscous effects, but this is not necessarily the case. 
It must also be remembered that the basic theory being used (i.e., tran- 
sonic slender-body theory) is applicable only to smooth slender shapes. 
The theory is therefore suspect at the cone shoulder, sFnce at this loca- 
tion the body is not smooth. 

_- 

d 

r 

- 

Figure 4 compares the equivalence predictions with the data in planes 
normal to the free-stream direction at three representative values of x/t. 
Two different predictions are shown. One, labeled '!plsnar approximation," 
is identical to the form described in reference 7 (i.e., eq. (10) herein), 
while the other, labeled "exact boundary condition," is obtained by satis- 
fying the boundary conditions on the surface of the elliptic cone instead 
of in the z = 0 plane (eq. (11)). The two solutions differ appreciably 
only in the vicinity of the edge. Inspection of the figure illustrates 
again that the agreement between the slender-body prediction and the pres- 
sure coefficient on the elliptic cone is excellent except in the vicinity - 
of the shoulder where the disagreement is now seen to extend out to the 
edge of the elliptic cone. It is suspected that the major reason for dis- 
agreement in this region lies in slenderness restrictions basic to the 
derivation of the theory. Mot only is it possible that the elements of 
the elliptic cone extend too far from the axis of symmetry for the theory Y 

to apply with complete uniformity, but, as mentioned before, the shoulder 
of the elliptic cone-cylinder has an unsmooth character. 
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Mach Number Range of Equivalence 

ll 

Since transonic slender-body theory, in essence, is an extension to 
transonic speeds of the well-aown linearized slender-body theory of Ward 
and Jones, it is to be expected th.at the equivalence of the flows, demon- 
strated for a Hach number of 1 in the previous section, will extend into 
the subsonic and supersonic speed ranges. In fact, the controlling psram- 
eter, as we move away from a Mach number of 1, is the slenderness of the 
object under consideration. This can be seen more clearly from an exsmi- 
nation of the order of the error term in the expressions for the potential 
about the wing as given in reference 7. In the linearized case the error 
term has the form (M,2-1)0[(ts3/Z4)2 n s], whereas in the sonic case the 
form is O[(t2s4/Zs)2n s]. Since the span, s, is raised to a higher power 
in the expression for sonic speed, the slenderness requirement becomes 
more restrictive a5 the Mach number increases or decreases from a vaJ-ue 
of 1. Thus, it is to be expected that the equivalence predictions of the 
present investigation will agree best with the elliptic cone data for a 
smdl range of Mach numbers about sonic speed. 

This expected behavior is shown in figure 5 which presents typical 
results from a few selected points on the eIUiptic cone surface. At a 
value of x/Z equsl to 0.7 snd at values of y/mx equal to 0 and 0.67, 
good agreement between the elliptic cone data and the equivalence-rule 
prediction extends over a Mach number rsnge of approximately 0.92 to 
1.05. Outside this range, the equivalence prediction deviates from the 
elliptic cone data, the difference increasing as the Mach number become5 
further removed from 1. At other points further forward on the elliptic 
cone, the same general behavior is apparent, &though perhaps not so pro- 
nounced. At the rear of the elliptic cone, however, there is little 
agreement between the data and the equivalence prediction, a situation 
sFmilar to that encountered near the cone shoulder when the data were com- 
pared with the equivalence prediction at sonic speed in the preceding 
section of this report. In general, the crrmparisons of figure 5 show 
that the elliptic cone model of this investigation, with a value of 
A(t/2)1'3 equal to 0.78, is sufficiently slender for the equivalence 
relationship to hold over a Mach number range of approximately 0.92 to 
1.05. Above this Mach number range, more accurate predictions of the 
surface pressures should be obtained from Van Dyke's second-order slender- 
body theory (ref. 14). It is to be noted in figure 5 that the second- 
order-theory predictions, while not in exact agreement with the experi- 
mental results, are somewhat superior to those of the transonic slender- 
body theory. 

Lifting Pressures at Transonic Speeds 

The discussion of transonic slender-body theory included in a 
previous section does not specify a relationship between the lifting 
forces on a slender wing and its equivalent body. Instead, it is pointed 
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out that the lifting forces on the wing are to be estimated by use of the 
well-known slender-wing theory of Jones (ref. lo), which depicts the flow 
as that about a translating flat plate in an incompressible flow field. 
However, the restriction derived by the analysis given in reference 7 is 
that slender-wing theory applies only if the angle of attack of the wing 
is small compared with the thickness ratio. 

c 

Since slender-wing theory predicts a linear variation of pressure 
coefficient with angle of attack, figure 6 has been prepared to show the 
experimental angle-of-attack range over which a linear relationship holds. 
The pressure coefficients at a few selected points on the elliptic cone 
surface are plotted as a function of angle of attack at a B&ch number of 
1. Included in the figure is the calculated variation of surface pressure 
coefficient with angle of attack as obtained from slender-wing theory. 
Inspection of the figure shows that near zero angle of attack, the range 
of linear variation is quite small, being on the order of a few degrees. 
At positive angles of attack (pressures were measured on the upper sur- 
face of the elliptic cone), an abrupt change in the variation of pressure 
coefficient with angle of attack occurs at a = l/2' to lo. At negative 
angles, the deviation from linearity is less abrupt, and occurs slowly, 
making it difficult to cKU. out a definite value of angle of attack where __ 
the linear variation breaks down. In general, the deviation becomes 

- noticeable at a = -2O or -3’. Since the aerodynamic loading is given by 
the difference in pressure across the wing surface, it can be concluded, u 
that for the present elliptic cone, the range of applicability of slender- 
wing theory at sonic speed is restricted to an angle-of-attack range of 
approximately &lo. The effective wing thickness for this angle-of-attack I .- 
range, considered in terms of the surface slope change swept out by the 
Yb = 0 generator of the elliptic cone surface, can be represented by a 
slope of 0.0175, compared with the actual slope of the elliptic cone sur- 
face of 0.03. Therefore, at sonic speed, the angle-of-at-tack range over 
which the slender-wing theory is strictly applicable appears to be smaller 
than the thictiess ratio of the wing. 

In order to illustrate further the applicability of slender-wing 
theory to the aerodynamic loading at sonic speed on the elliptic cone, 
figure 7 has been prepared to show the variation of d(ACp)/da at zero 
angle of attack. Part (a) of the figure shows the variation along the 
line of symmetry (y/mx = 0) of the elliptic cone, while part (b) illus- 
trates the variation along the span at three longitudinal positions. 
Included in the figure are the predictions of slender-wing theory. The 
agreement between experiment and theory, in general, is good, particularly' 
in the spanwise direction. Again, the most significant difference occurs 
in the vicinity of the elliptic cone shoulder, the location where the great- 
est differences between theory and experiment have been noted previously. 

In the section on the behavior of the surface pressures on the ellip- 
tic cone at zero angle of attack, it was demonstrated that the data I 
deviated from the equivalence prediction at Mach numbers above and below 
a Mach number of 1. The slenderness requirement for the application of 

c 
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transonic slender-body theory was thus shown to become more restrictive 
as the free-stream velocity increases or decreases from sonic speed. A 
similar slenderness restriction is expected to apply for the aerodynamic 
loading when estimated by slender-wing theory. 

The variation of d(ACp)/da as a function of Mach number is shown 
graphically for a few selected points on the elliptic cone surface in 
figure 8. The slender-wing-theory prediction, which is invariant with 
Mach number and plots as a horizontal line, is included, There are two 
significant effects that cm be noted from an examination of the figure. 
First, at transonic speeds, a small amount of wind-tunnel interference 
is apparently present] note particularly the abrupt changes in the ma&- 
tude of the experFments.l loading at &ch numbers between 1.02 and 1.10. 
Second, inspection of the magnitude of the experimental loading over most 
of the elliptic cone surface indicates that slender-wing theory is valid 
for only a small range of Mach numbers about sonic speed. At supersonic 
speeds for instance, a better prediction of the aerodynamic loading can 
be made by the linear-theory calculations of reference 15 for lifting tri- 
angular wings. The predicted variation of d(ACp)/du, which now depends 
upon the Mach number, has also been included in figure 8. The supersonic 
data from the elliptic cone are in better agreement with this more exact 
theory at the higher test Mach numbers. 

An additional and very interesting prediction c&ll also be made 
regarding the change of aerodynamic loading with B5ach number in the 
immediate vicinity of sonic speed by applying the concept of the "Mach 
number freeze" (see, e.g., ref. 16, p. 275) to the lifting pressures. 
The term "Mach number freeze" means the invariance of local %ch number 
with free-stream Mach number. The rule for the freezFng of the local 
Mach number in term5 of the rate of change of pressure coefficient with 
Mach number is given by 

( > 
dcp 
aM, M$l.O = +i " y$r (CP)G1.o 

Application to the aerodynamic loading gives 

ACp = Cp 
2 

- Cp 
U 

d(aCp) dCpz dCpu 
aM,=~- dM, 

[ 1 d(ACp) 
aM, l&=1.0 

= " %(CPZ " CPu)&I.o = " $i (AcP)Gl.o 

Y2(Acp)l d&,da a=o ="& 1 1 d(ACp) 
da 

b&=1.0 g”l.0 

(15) 
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In order to compare this prediction with the experimental loading 
observed on the elliptic cone, the rate of change of d(ACp)/da with 
Mach number as given by equation (15) has been added to figure 8. The 
figure shows that the e~erimental data tend to agree with the predic- 
tion on the forward portion of the cone surface, but do not agree on the 
afterportion. It csn be supposed that the gentle "hump" in the value of 
the experimental loading at Mach numbers just below 1 is a real free-air 
phenomenon and is a manifestation of the Mach number freeze, although it 
must be emphasized that the data are not necessarily free of wind-tunnel 
wall interference. Nevertheless, the results of the above comparison 
suggest that contrary to slender-wing theory, the rate of change of 
d(ACp)/da with Mach number varies in the immediate neighborhood of sonic 
speed in the manner shown. 

CONCLUDING HEBRHKH 

In the present report, transonic slender-body theory has been 
experimentally evaluated for the case of a flat, winglike, elliptic cone- 
cylinder and its equivalent body of revolution, a circular cone-cylinder. 
Emphasis has been placed upon answering three questions; namely, (1) does 
the equivalence relationship given by trsnsonic slender-body theory ade- 
quately relate the actual flows, (2) can its range of applicability be 
defined, and (3) does the related lifting theory adequately describe the 
aerodynamic loading on the elliptic cone? 

Experimentally, it was determined that the flow at transonic speeds 
about a circular cone-cylinder and &z1 elliptic cone-cylinder are closely 
related in the manner predicted by transonic slender-bcdy theory. For 
the elliptic cone chosen for the test, with a value of the trsnsonic 
similarity parameter which describes slenderness, A(t/Z)1/3, equal to 
0.78, the equivalence of the flows between the elliptic cone and its 
equivalent body persists over a Mach number range from 0.92 to 1.05. The 
pressures in the shoulder region of the model deviate somewhat from the 
predictions derived from the theory because, it is thought, of the 
unsmooth character of the shoulder. The lifting forces on the elliptfc 
cone vary linearly only over the small angle-of-attack range of approxi- 
mately &lo, a result not inconsistent with the theory, since this angle-of- 
attack range represents a thickness ratio less than the actual thickness. 
Furtheri the aerodynamic loading at sonic speed ccmpares favorably with 
Jones' slender-wing theory, the only significant deviations occurring 
again in the shoulder region. At subsonic and supersonic speeds, the 
aerodynamic loading varies sufficiently with Mach number that slender- 
wing theory no longer appears adequate. However, at supersonic speeds, 
the decrease in loading observed with increasing Mach number is well 
predicted by linear theory. 

The results of the present investigation suggest that at transonic 
speeds and at small angles of attack the calculation of all aerodynamic 

d- 

- - 
* 

- 

Y 

. 
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characteristics of slender, three-dimensional shapes can be made by use 
of transonic slender-b- theory when the pressures on the equivalent 
body are known, either by experiment, or by an adequate nonlinear theory. 
From transonic slender-body theory it is deduced that the slendernees 
required for this application is the same as that required for the 
successful application of the transonic area rule. 

Ames Aeronautical Laboratory 
National Advisory Committee for Aeronautics 

Moffett Field, Calif., Jan. 7, 1958 
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APPENDIX 

WIND-TUNNEL VC!E AT TRAJSONIC MCH NUMBEM 

For the determination at transonic speeds of the general aerodynamic 
forces on bodies, wings, and wing-body combinations, the three-dimensional 
porous-walled transonic wind tunnel has been widely used and has provento 
be a valuable research tool. It is recognized, however, that interference 
effects exist, generally depending upon the size of the model with respect 
to the tunnel - the smaller the model, the smaller the interference effects. 
Three general forms of interference are known to exist, (1) subsonic inter- 
ference which depends upon the volume of thelmodel, and which may become 
significant.as the Nach number approaches high subsonic values, (2) tran- 
sonic interference, which depends upon the length and fineness ratio of 
the model, and (3) supersonic, or wave reflection interference, caused 
primarily by the presence of the attenuated reflection of the model bow 
shock wave from the test-section walls. This latter interference effect 
begins at Mach numbers slightly above 1 and terminates as soon as the 
reflected disturbances pass off the afterportion of the model. 

-- 

- 

With these considerations in mind it was deemed necessary to assess 
the suitability of the test facility for obtaining accurate data on the 
test configurations of this investigation at.transonic speeds. To evalu- 
ate the importance of the interference effects in the 2- by 2-foot tran- 
sonic wind tunnel the circular cone-cylinder model was also tested in a 
much larger transonic tunnel, the Ames lb-foot trsnsonic wind tunnel, 
where the blockage ratio of the model was less by a factor of nearly 50, 
0.005 percent compared to 0.25 percent of the tunnel cross-sectional area. 
The test setup and procedure in the l&-foot tunnel were essentially 
identical to those used in the 2- by 2-foot tunnel. 

f - 

L 

.- 

A comparison of the results obtained from the two test facilities is 
given in figures 9 and 10. Figure 9 shows the pressure coefficient 
obtained at a Mach number of 1 on the circular cone-cylinder model at the 
two blockage ratios. Also included in the figure is Yoshihara's theoreti- 
cal solution (ref. 1) for the circular cone-cylinder at a Mach number of 1. 
(Yoshihara's results have been corrected for--an error in the sign of the 
squared term in the pressure coefficient.) The theoretical solution has 
been adjusted by use of the transonic similarity parameters for bodies of 
revolution (ref. 17) from a cone half-angle of loo as used by Yoshihara to 
the present cone half-angle of 6’59’. Lnspec$ion of the figure shows that 
the level of the experimental pressure coefficients from the two test 
facilities differs by as much as 14 percent, whereas the theoretical curve 
has fundamentally a different shape - although the average level of the 
theoretical pressure coefficient is in better agreement with the data from 
the larger wind tunnel. 

.L 

.- 

.- 
G t 

A further comparison between the data from the two test facilities is 
shown in figure 10. Here, the pressure coefficient as measured at one of . 
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the orifice locations (x/2 = 0.486) is plotted as a function of Mach 
number. Included in the figure is the exact theoretical pressure coeffi- 
cient at supersonic Mach numbers as interpolated from the Kopal tables 
(ref. IS), and-the linearized theory pressure coefficient at subsonic 
Mach numbers as given by Laitone (ref. 19). The effects shown are typi- 
cal of those occurring at other locations on the cone surface. As an 
additional point of interest there is included in the figure the rate of 
change of pressure coefficient with Mach number, dCp/dJ&, at a Mach number 
of 1 that rehresents the invariance of local Mach number with free-stream 
Mach number. This so-called Mach number freeze has been discovered on 
two-dimensional wings at transonic Mach numbers by other investigators 
and apparently is a phenomenon basic to transonic flows in general. 

Inspection of figure 10 indicates that the Mach number range where 
the data from the two facilities differ and where wind-tunnel wall inter- 
ference apparently exists extends approximately from 0.99 to 1.05. It 
would appear from consideration of the small size of the cone-cylinder 
model in the larger wind tunnel that the data shown from this facility 
are essentially interference free. However, an unpublished analysis for 
circular, porous-w&led, transonic wind tunnels, similar to that given 
by Berndt in reference 20 for slotted tunnels, indicates that the Mach 
number error due to wsll interference at sonic speed is given by 

AM = -0.82(r*/h)"'7(r*/x*)2'7 

Mm=l-AM 

where M, is the indicated Mach number in the wind tunnel, h is the 
half-tunnel height, and fi and r * are the coordinates of the sonic 
point on the body surface. The equation is derived for the case of van- 
ishingly small model size and for a slowly varying wall permeability with 
longitudinal distance. However, application to the present facilities 
indicates that sonic free air conditions are simulated in the wind tunnel 
when the measured Mach number is 1.035 for the small facility and 1.0066 
for the large facility. Figure XL has been prepared to illustrate the 
effect-of this Nxh number correction on the experimental data obtained 
from the two test facilities. The data from both facilities at the simu- 
lated sonic free air conditions now appear to be nearly in perfect agree- 
ment, except over the forward portion of the cone. Since the correction 
formula developed above is based upon a vanishingly small model size, it 
is thought that the discrepancy is due to a Mach number gradient caused 
by the large size of the model in the smaller facility. 

A further point of interest is to note, that even though AM for 
the larger facility is small, being only 0.0066, the pressure coefficient 
at the simulated sonic free air condition is some 8 percent higher than 
the value at the indicated sonic speed in the wind tunnel. 
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To illustrate further the presence of wind-tunnel wall interference, 
the series of schlieren photographs shown in figure 12 have been included. 
Photographs taken at the same Mach number from the two test facilities 
are shown one above the other. At a Mach number of 0.96 the shock-wave 
patterns are essentially identical. Note that the terminsl shock (i.e., 
the shock wave located just aft of the cone shoulder) does not reach all 
the wqy to the test-section walls of the small facility. At higher Mach 
numbers, subst5ntis.l differences in the shock pattern begin to occur0 It 
is in this Mach number range that the measurements of pressures on the 
model surface (fig. 10) begin to show significsnt differences between the 
two facilities. Note particularly that at a Mach number of 1.0 the loca- 
tion of the terminelshock is widely different; for a blockage ratio of 
0.25 percent, it is located along the cylindrical portion of the model, 
whereas for a blockage ratio of 0.005 percent, it is located downstream 
of the model. The location of this shock pattern is believed to be 
determined primarily by the impingement of the expansion field from the 
cone shoulder on the walls of the wind-tunnel, test section. Although the 
different shock pattern on the afterportion-of the model is the only msni- 
festation of wall interference at &= 1.0 that can be seen in the photo- 
graphs, the pressure distribution shown in figure 9 indicates the presence 
of a strong interference field over the conical portion of the model. In 
fact, the interference correction formula presented earlier in the appendix 
suggests that schlieren pictures at M, = 1.0066 in the larger facility 
andat &= 1.035 in the smaller facility should show similar flow fields. 
The closest available comparison is for M,= 1.00 in the upper row and 
MaJ= 1.04 in the lower row of the photographs of figure 12. Even this 
comparison does not tend to show similar flow fields which further illus- 
trates the fact that the interference correction formula developed is not 
sufficiently accurate for the model size used in the small facility. At 
slightly higher supersonic Mach numbers (I&, = 1.06 and l.lO), the pairs 
of schlieren photographs indicate, as do the pressure coefficients shown 
in figure 10, that the flow field in the vicinity of the model is 
essentially the same in either tunnel. 

In summary, the above comparisons have shown that the absolute accuracy 
of the pressure coefficient at transonic speeds obtained on a slender cone 
at a blockage ratio of 0.25 percent is poor. It can be reasoned, however, 
that since interference errors depend upon the length, volume, and fineness 
ratio of the test model and are little influenced by the details of the 
model cross-sectional shape (refs. 20 and U), the relative comparisons of 
pressure-coefficient data from the circular cone and the elliptic cone at 
the same blockage ratio of 0.25 percent will be valid. It is with this 
assumption that the data of this investigation have been presented, since 
at trmsonic speed6 the equivalence comparisons made are 6Jl completely 
relative in nature. 
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!t!mLE I.- EXPERlWKCAL FREX%URE COEI?FICIENTS ON SURFACE OF M3DELS 
Continued 
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0.038 
-.036 
-.036 
-.034 
-.w 
-.cel 
-.w 

.a5 

.w 

.032 

.owJ 

:z 
m3 
m-2 

:$ 
.068 
m5-r 
.c66 

27 

o.oy 
-Al7 
-.W 

.m 

.w5 

.olj 

.ce8 

.oka 

:Z 
.0-P 
.O& 
.m7 
Jo6 
.loc 
a04 
.103 
.ul3 
.uo 
.107 

a.& 
-.&A 
-.&8 
-.a 
-.048 
-.040 
-a3 
-.w 

.ooj 

.ol5 

.a2 

.030 

:Z 
.c& 
.055 
.050 
.046 
.G3 
.*1 
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TABLE I.- EXFERIMENTAL PRESSllRE COEFFIC~ ONElURFACE OFMODEIS - 
Continued 

23 

Ldicated crlflce -a 
b&h 

!xmber 1 2 3 4 5 6 T 8 9 lo IJ. 12 xl l4 I.5 

- 
Le.5 
.e 
.062 
&a 
.a-18 
.oa? 
.ca 
.ose 
.m 
.063 

(d) TSllgtic cone-c o.am - 
.m 
.oos 
.w3 
.olo 
.m 
.on 
.oh 
A7 
.ogo 
.m 
*ofi? 
.Q% 
.ohl 
.eB - 

0.25-l 

O.ObS 
-al7 
-.~a8 
-.QXJ 

.ca6 

.cq 

.a3 

.038 

:$ 
.m 
.055 
.oko 
.OS 

wntblccbse; a-o.260 

0.023 
-.035 
-47 
-.141 
-.I.97 
-.l8l 
-.172 
-.& 
-Ah5 
-.ti 
-A-@ 
-.W9 
-.W 
-AS 

0.028 
-.03l 
-.040 
-.a 
-.l.fg 
-.l@ 
-.l& 
-.173 
-.l.G? 
-.143 
-.Wl 
-.om 
-.03 
-.C=¶ 

PB - 
LLR 
.lm 
.lgo 
.2Qe 
.=9 
.24o 
-244 
-254 
260 

:$ 
.rrs 
.2& 
.w - 

- 
I.023 
.03 
.03-f 
.o43 
.w 
.oQ 
.063 
.058 
.075 
.a 
.cQ 
.09 
.oJlo 
A41 - 

T - 
LcQ4 
.Q3 
.ohl 
A.3 
.06l 
.a55 
.&a 
.m 
.O-i9 

:Z 
.05s 
.dd 
.ch2 

- 

- 
20 - 

,.mo 
.cos 
.a 
.oll 
.030 
.038 
.ok? 
A47 

:Zi 
-063 
.03-l 
.052 
m9 - 

- 
‘.oog 
a.5 
.0x5 
.ca 
~38 
.ou 
.oba 
:,” 
.QEe 
.c60 
.m5 
.040 
.m - 

0.038 
-A4 
-St55 
-a45 
-.aU 

:Z 
.ti 

:Z 
.046 
.0$9 
.03a 
.ou 

- 
3.058 
-.m 
-.w 
-.O& 
-a45 
-.op 
-.a24 
-.ClU 
-.m3 
se4 

:gi 
.O?Z 
.0$2 

- 

-o.oge 
-.l28 
-278 
-238 
--170 
-.152 
-.143 
-.I& 
-.IIs 
-.098 
-.0-i% 
-A53 
-.=9 

23 24 

0.003 -0.037 
.mo -A5 
.m7 -.W5 
al.5 -A45 
.0* -.ol3 
.cA2 .cQo 

T 
.ob6 *cc6 
.a an7 
.oslr .a?4 
-9 .ou 
A58 .ou 
.e .@+-I 
.cA8 .o?J 
a46 .a 

-K 
o.o45 
-.a 
-.055 
-.a42 
-SK@ 

.003 

.009 

.cQo 

.c=7 

.&-I 

.o47 

.os9 

.&2 

.039 

26 
O&l 
-.cJb3 
-.Ojg 
-SE6 

.a6 

.ol8 

.a?b 

.a4 
A41 
.cGQ 
.06l 
.ca 

:Z-Z 

Q.056 
-.m 
-.U7 
-.I.93 
-.l95 
-a0 
-.l68 
-.l.P 
-240 
-.u4 
-.csQ 
-.OfXl 
-.o41 
-.U4 

- 
1’1 - 

.e2 

.cQ9 

.m9 
J.Y.46 
.w 
.063 
.@5'5 
.0-D 
.OTl 
.ces 
.ob3 
-0% 
.o43 
.o$o 
- 

0.012 
-.cnj 
-.0X 
-.UX 

.04 
-.lO?l 
-.UB 
-.lob 
-.099 
-.lUJ 
-.046 
-.& 
-.C# 
-.036 

l- 

0.599 
.em 
.900 
:Z 
.9sr 

1.09 
Lou 
La?0 
l&l 
l&O 
l.l.02 
1.200 
Lhco - 

nilca 

a 

Y - 
~.028 
.034 
.039 
d-6 
.m 
.a3 
.65 
.070 

:Z 
.e? 
.056 
.a3 
.053 - 

oryica mntber’ 
mch 

mrmhsr 22 

0.035 

-.ooQ 

a05 

.m?l 

.OP 

.oho 

.ou 

.o% 

.05? 

.08L 

.066 

.oQ 

.cM 

A45 

3Q 
0.036 
-.OOl 

.ca 
aI.5 
.a5 
x42 

1 
.ou 
.os 
.055 
.oa 

:Z 

.h? 

0.599 
.8m 
.goa 
,939 
.eJ 
.ssQ 

l-Ml 
l.Oll 
Lceo 
l&l 
1.&Q 
l.KQ 
1.200 

l.kM 
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TABLE I.- EXPEBIlMENTAL~SS~~COEFFIC~ ONSURFACE OFMJDEZS - 
Continued ~ 

9 
- 

c I 
I 

tmlfcatad OrifiCS Llumber’ 
rnch 

rmmber 1 2 3 4 5 6 7 8 9 lo ll I2 l3 1s l5 

-r - 
I.057 
.063 
.m 
.079 
.o@ 

:$fi 
.lol 
.Q95 
.070 
.osr 
.m 
.050 
.O 43 

- 

am3 
-.072 
-.U 
-.178 
-.l86 
-.1* 
-.U9 
-.a8 
-.=3 
-.108 
-.O& 
-.& 
-.034 
-AlIS 

0.033 
-.gP 
-.030 
-.(uT 

.olg 

.a3 
,036 
.ob 
.052 
.070 
.07t 
A-73 

28 

-F 
o.ca9 
-.WS 
-.c03 

.rnT 

.05l 

.059 

.OP 

.076 

.085 
Aa? 
.103 
.106 

.loS 

.107 

- 
Lo42 0 
.046 
.o53 
.#a 
.m 
.w5 
m9 
.c%? 
.ogg 
.088 
A%7 
.062 
.m. 
.cJB8 

: - 

-r - 
.032 
.038 
.oJ+5 
a3 
.a57 
.0&J 
.o74 
.076 
.091 
.w 
.OTJ. 
a5 

:Zi 
- 

C 

j 

0 

- 
l.mr 
.OP 
.035 
.&2 
.037 
.oQ 
.65 
.06-r 
.wl 
.w 
.OP 
.c65 
.057 
.cA6 
- 

- 
19 

YE 
.052 
.06l 
.069 
.c@ 
.08'S 
.wJ 
.093 
J.07 
.m 
.O& 
.093 
.066 
.w7 
- 

0 

3 . 

a 

- 
xl 

- 
Mx% 
.OW 
Al0 

:Z 
.045 
*OS2 
.O% 

.oss 

.oe7 

:Z 

.m 

LA6 
- 

- 

.a7 

.m 

.024 

.OP 

.ca 

.o53 

.O% 

.osl 

.I%5 

.ogl 

.on 

.a 

:Z 
- 

0 

1 
0 

1 

- 
21 

- 
.ool 0 

.Qn 

.a2 

.oa 

.ck? 

.047 

.* 

:Z 
.088 
.m 
.066 
4% 
.w 
- 

- 
I.006 
.cQr 
.@a 
.018 
.039 
.0&b 
.a 
m5 
.058 
.088 

:g 
.0x 
St44 
- 

- 
ILo 

2 
.a76 
A88 
.031 
.og6 
.lOJ. 
.X9 
.W 

:2 
.06e 
.cw 
- 

T 

z 
.Obl 
.&a 

:Z 
.OP 

:$ 
.w3 
.a53 

:Zl 
.093 
.049 
- 

0.599 
.798 
.a99 
.938 
.* 
.9YJ 

Loo0 
1.019 
1.03 
l&2 

l&l 

1.099 

1.2Ol 
l.bQO 

- 

Q.aaO 

-.OlO 

-.002 

-:E 

-Jo4 

-.lOb 

-.m3 
-a3 
-.098 
-.043 
-.c63 
-.OQ 
-A?8 

I- L 1 

25 

0.038 
-A4 
-.cA6 
-.o35 

.cm 

.008 

.020 

.a% 

.o35 

.m 
~58 
~58 
-052 
.045 

26 
- 
30 - 

3.m 
-.039 
-.CG? 
Jx4 
.a?8 
.032 
,039 
.042 

:$ 
.055 
m3 
.c*o 
.031 

- 

0.599 ) 

:S 

.938 

.sa2 
&so 

Loo0 
l.OU 
l&S 
la42 
l.C?Sl 
l&9 
1.201 
1.b 

-* 

28 - 
1.M 
.l& 
a53 
.1&i 
.I97 
.2cQ 

.a0 
,918 
.pb 
.241 
.247 
248 
.a 
.220 
- 

- 
22 

- 
l.co6 
.OlO 
.a16 
.024 
.045 
.ofo 
.05? 
.c%o 
.063 

:Z 
.0-P 

:Zl 
- 

- 
23 

- 
haa6 
~.a3 
a26 
.035 
.055 
.06J 
.tir 
.oP 
.073 
.lal 
.a7 
.07e 
.m 
.oss 

- 

24 

0.031 
-X41 
-.ojo 
-.038 
-.w 

.w5 

.ou 

.ce3 

.OYJ 

.0x 

.m4 
m5 
.hT 
A43 

+ 
i 

Bee figumlfor locatiw. 
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!llBLE I.- FsXWKBENTALPRESSW COFXFICIENTS ONSUFPACE OFMJDFLS 
Continued 

25 

Ddiostd oriflca rmnLml-a 

i7ztr 1 2 3 4 5 6 7 8 9 lo u l2 13 14 u 

O.&J3 
2% 
-901. 

:g 
893 

Loo0 
1.w 
1.03 
1.042 
1.062 
l.lcQ 
l.2U? 
l.k!l. 

- 
MAO 
mal 

mlsb 

- 
l.oM 
A47 
.o% 
A? 
.on 
.m 
.Ob 
.oer 

:Z 
.055 
.045 
.033 

OJXA 
-.037 
-.066 
-A8 
-.1* 
-.lE3 
-.1-i-2 
-.a 
-.14h 
-.X6? 
43% 
-A3 
-.OkQ 
-A26 

rl 
c&A 
-.03 
-SC?4 
-.aaO 
.a3 
.033 
.cAl 
-01. 
m-7 
.o& 
.o%z 
.0?8 

:Z 

0.028 
-.op 
-.O% 
-a53 
-39 
-.193 
-.1&l 
-.174 
-.l62 
-.142 
-.=9 
-.083 
-.O% 
-.032 

28 - 
I.383 
.l& 
.W 
.=cJ 
233 
.-2bl 
.248 
254 
.=3 
.P& 
,285 
286 
.268 
.m - 

Q.013 
-.a 
-.OlQ 
-.oOa 
-.dlg 
-.U.O 
-.X%3 
-.lCh 
--cm 
-.Wl 
-.&S 
-.0&l 
-.om 
-.039 

-r 

z- 

O&T 
-.047 
-A6 
-.op 

.W 

.caz 

.020 

.oeg 

.035 

.os8 

.css 
.w 
.03 
ml 

- 
l.cQa 
-039 
.040 
.d+s 
:Z 
.a54 
.a 
A-T8 
.on 
.ws 
.OSO 
-037 
.034 - 

le - 
.m9 C 
.a?7 
.0* 
.045 
.m9 
.063 
.a% 
.oP 

:Z 
.oes 
.c60 
-045 
.039 - 

7 - 
r.m.3 .oG?o 
:z 
:Z 
.oTT .06e 
.053 
.m 
.ofs 
.a 
.035 .a?8 - 

- 
.oag 
.009 
m.3 
:$Z 
.ohQ 
.cA4 
.oM 
.04 
.W9 
.053 
.049 
.O% 
.w - 

0.03 
-.a%? 

.m 

.wr 

.oe7 

.OlE 

.03a 

.a3 

.*3 

.078 

.m 

.oge 

.O% 

.w 

o.ol9 
-.CQl 
--El. 
-.ca3 

.ol4 

.m 

.a3 

.033 

.036 

2 
.cm 
.OZ6 
.03l 

- 
J.oCl 
-.050 
-.057 
-.Oh8 
--WI 
-.Cd 
.cob 
.a3 
SW 

:E 
.ou 
.033 
.os - 

4 
O.G%? 
--Cm 
-a9 
-A46 
-.mo 
-.Wl 

.ti 

.ol6 

.a?2 

.ok6 

.*5 

.os4 
-0% 
-031 

.&l 

.wJ 

:", 
.m 
.076 
.oa 

:$Z 
.079 

:Z 
.048 
49 - 

- 

1-I P 16 
- 
Me4 
.ce9 
d2.S 
.&o 
.os 
.mr 
.cQ 
.c66 
.0* 
.fm 

:Z 
- 
.a5 - _ _ 

l.olT 
.a?4 
-033 
.040 
.os 
.Qsr 
.oQ 
.c&5 
.m 
.w9 
:Z 
.w 
.a3 - DC&l 

O.Oll 
-.CU7 
-.ocp 

.oor 

.a?? 

.op 

.48 
,043 
.cu 
.m 
.a5 
.oF 
-038 
a35 

J.oll 
-.W? 
-.CQl 

:Z 
.034 
.038 
.oa 
A44 

:Z 
.G53 
.039 
.03S - 

0.603 
.ea 
.9= 

:$Z 
-993 

1.003 
1.013 
l.CC?j 
1.052 
l.&? 
1.101 
1.2C%? 

. 
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!PlxBm I.- EXPERIMENTAL~SSURE COEFFICIENTS ONSURFACE OFMODELS - 
Continued 

tndlcatad orlfico nllmhera 
Wh 

rarher 1 2 3 4 5 6 7 8 9 lo u 12 13 I.4 .l5 

- 
Lo6l 
.069 
.w6 
.O%? 

:Z 

.ose 

.lo3 

.l& 

.o& 
2-i 
.oy 
.048 

- 

- 
M&3 
.c66 
m4 
.o%l 

:Z 
~98 
.108 
.u.5 

:S 
.O& 
.067 
.056 - 

xdifsted 
mch 

0.603 
.a? 

:E 
.9@ 
.w 

l.ooO 
l.Ol.4 
1.023 
l&2 
1.09. 
l.lOl 
1.W 

-7 - 
.04Q 
.dr5 
.a9 
.m 
.OP 
.ws 
.083 
.om 
*WI 
.Im 
.079 
.0-E 
.05-I 
.a3 - 

/ 
YiG 
.051 
.058 
.csh 
.075 
.Lm 
.0&z 
.wJ 
.lOl 

.w3 
,074 
.059 
.m5 
.oY - 

Eli - 
I.036 
.o42 
.049 
m7 
.069 
.w5 
.on 
.083 
.044 
.a7 
.076 
.oro 
.056 
.os 

0 

1 
C 

18 

,ouc 
.054 
sYi2 
.oro 
.m 
d2-88 

:Z 
.lca 
.u2 

:Z 
.069 
.osJ - 

- -r 
lg - 

I.054 0 
.063 
.on 
,078 
.W 

a96 
.@ 

,104 
a.5 
.u9 
.098 
.oP 
,076 
.066 - 

Q.ceQ 
-.on 
-.078 
-45 
-.a 
-.lP 
-A62 
-.145 
-.128 
-.En 
-.Q9 
-.&O 
-*IX8 

-.w 

-.OG 
-.003 
.KQ 
.a?? 
~36 
.U+l 
:i$ 
.o& 
.075 
.OP 
26 

0.031 
-.03g 
-X46 
-.036 
-.032 
:Z 
.028 
.M 
.06z 
.a@ 
.066 
.o% 
.047 

-a23 
-A63 
-.W 
-a63 
-A5 
-.I35 
-.n6 
-.lOb 
-.w3 
-.oa7 
-.ti 
-.OW 

.cQo 

Q.051 
-.43 
-.W 
-.178 
-.l& 
-.l@ 
-.l& 
-.a 
-.K-I 
-.I.05 
-.0-f? 
-.w6 
-.o?lo 
-.Ol2 

Q.oog 
-.OlO 
-.cO3 
-.KS? 
-.a?4 
-.m 
-AU? 
-202 
-.* 
-.Wl 
-.0x 
-.06l 
-.06l 
-&?b 

ZF 
,033 
.OM 
.cM 
.asl 
.066 
.068 
.m 
.081 
.o% 
Jr5 
.0-D. 
.058 
.w - 

C 

: 

- 

20 
- 
.009 C 
.010 
m.4 
.a3 
.043 

:Z 
Al. 
.ca 
.w. 
,076 
.070 

:Z L - 

- 
2l 

- 
Loo6 
.ma 
al6 
.a5 
.045 
.052 
.o% 
.a 
.065 
.093 
.079 
.0-P 
49 
.oyr - 

zzi 
-.o#) 
-.040 
-.O& 
-.l75 
-.l& 

-.176 
-.Uil 
-.148 
-.133 
-.W 
-.0-B 
-.obo 
-.OlA 

0.603 
.&e 

:E 
.9@ 
.5% 

l.ooO 
1.CU.b 
1.023 
l.Ck2 

1.061 
1.101 

1.200 
l&l - - L 

- 
17 - 

m37 
.045 
.053 
.06l 
.074 
.oeJ 
.oa 
.088 
a99 

:Z 
.075 
.059 
.oT - 

26 
O.OP 
-.a?8 
-.W 
-.Ol4 

.a9 
.03 
a37 
.0$9 

:$ 
.o& 
&a 
d-16 
.w3 

- 
23 - 

I.025 
.w 

:Z 
.063 

2 
.w 
.O&? 

:tlZ 
.050 
.w5 
*G-70 - 

- 
24 i 

- 
0.030 
-.&O 
-.047 
-.035 
-.002 

.OlO 

.m6 

.a?8 

.O% 

.o% 

.063 
Al 

:El 
- 

22 
- 
.010 
m.5 
.@l 
.03l 
.om 
.w 
.06l 
.06.3 
mo 
.m 
.084 

Z3 
.c4l - 

25 

0.035 
-.chl 
-Ah3 
-.o[jl 

.003 

.m5 
se0 
.033 
.cAo 
.a39 
.067 

2 
.m 

30 - 
o-au 
-.OK 
-.a07 

C 

. 
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TABLE I.- EXFERIME~~SS~CoEFFIC~SONSURFAcEOF~DELS - 
Continued 

ldicated orlace mBlberL 
lszr 1 2 3 h 5 6 7 8 9 lo IJ. 32 13 lb x5 

L 

- 
I.cd9 
.w 
.m3 
~338 
.050 
.w 
.053 
A38 

:g 
.&7 
.W 
.029 
.cpg - 

0.026 

-&A 

-.099 
-a43 
-288 

-.1* 
-A68 

-.l% 
-.I37 
-.lW 
-.032 
-.O?l 
-2346 
-.oeg 

p7 

0.059 
-.049 
-.043 
-.oza 

so6 
.cn7 
.cpI 
.030 

:Z 
As4 
.cm 

:Z 

0.030 
-.o* 
-.036 
-.a26 
-204 
-.2Ql 
-2% 
-.* 
-267 
-.* 
-.w 
-.a 
-.a63 
-.a38 

Q.cm 
-.OU 
-.Ol4 
-.OOb 
-.OOl 
-.OS? 
-*Et5 
-337 
-.OW 
-a02 
-.a 
-X60 
-.069 
-.*7 

l- 

Q.103 
-.* 
-.200 
-a3 
-al76 
-A63 
-a55 
-.a2 
-Las. 
-.lC6 
-.G% 
-.os3 
-A2 
-.oe2 

25 
0.052 
-.m9 
-A5 
-.048 
-.CU 
-.006 
-.001 
.oos 
su8 
.033 
.okl 
.O% 

:Z 

.OsI a 

.ob 
:Z 
.065 
.05a 
.0-P 
.w6 
.08a 
.w- 
.e¶ 
.go 
.w 
a.3 I - 

- 
17 - 

I.039 
sa6 
.a?4 
.OP 
.obs 
.@9 
-OS1 
.055 
.066 
.073 

:Z 
.OP 
.cQr - 

0.031 
.cu? 
.wT 
m-5 
.m 
.w 
.W 
Ah-0 
.&3 
.@73 
.048 
.CU 
.u28 
se5 

OS60 
-.a78 
-.lsl 
-.=9 
-.W 
-.l& 
-Xl5 
-Al 
-.143 
-25 
-.ag4 
-.o?g 
-.osS 
-.Wl t 

21 
am6 
-.a5 
-.OlD 
.0x 
.m 
.a 
.w 
-09 
.03S 
.* 
.0%4 
.045 
.cng 
.mT 

oriflca mmMr= 

22 23 

0.019 0.029 
-Al7 -.W8 
-.Cd2 -.a22 
-.O@ -.OU 

.m9 .oos 

.a24 .aJ.3 

.(4 .Ol5 
.op so.9 
.W A20 
.ca -053 
a42 .OY 
.043 .OP 
.w .=I 
.a3 m.6 

30 
.a6 
.olJ. 
.mB 
.oag 
.mJ. 
.057 

1 

.X+9 

.064 
A66 
.a5 
m-l 
49 
.cQ 
m3 

x9 

xoq 
-.col 
.a38 
-015 
.op 
-033 
.a35 
.W 
-0% 
a7 
.OY 
.a3 
al6 
.w 

24 26 28 

.m 

.1?8 

.I& 

.w 

.=3 

.230 
233 
.2b2 
.-m. 
.2a 
.275 
.268 
.2* 
.m 

O.&A 

-.osS 

-.063 
-.OM 
-A.6 
-.006 
-.Wi 

.a0 
m-7 

:%I 
.m5 
.a3 
.a?4 

3.83 
-.09 
-.O+ 
-.037 
-.a03 

.a3 

.OaO 
x0.8 
.a3 
.&3 
.m 
.057 
.a 
.dr4 

0.601 
.ece 

:Z 
.sBo 
49 
498 

1.005 
1-e 
1.039 
1.060 
1.102 
1.m 
1.3s 

i 

'2-m figE-elfcTlozdfca. 
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TABLE I.- EXPERIMQJTAL PRESSURE COEFFICIENTS ONSURFACE OFMODELS - 
Continued 5 

f Inlicatad orifice nrmber " 
mch 

lmmbar 1 2 3 4 5 6 7 8 9 lo u l2 13 14 u 

- 
1.a 
.o. 
4 
.ol 
.l( 
.I.! 
.I: 
.L: 
.x 
.o! 
.a 
.o' 
.a 
.o: - 

- 
TlO .04 
50 

z 

:Z 
ml 

03 .l@Z 
D6 .lc9 
Lb .w 
17 .u7 
P 326 

.m9 

1: 
m-5 
x66 
- 

-F 
- 
Mbs 
m3 
.w3 
A9 
.083 

:: 
.053 
.la? 
.w 
.w 
.087 
.c68 
.062 

- _ _ 

0.053 * 
-.ml 
-206 
-A58 
-.a 
-ml70 
-.14a 
-.140 
-A?6 
-.W9 
-.-XL 
-.052 
-.022 
-.CiE i 

0.028 

-A?6 

-.arS 

-.KQ 

-.a? 
-.1n 
-.UO 
-.142 
-.=9 
-.oa 
-.OSl 
-.W 
-.038 

.cao 

- 
2-I - 

‘.0x 
.aL4 
.W 
.wr 
.069 
.oTr 
-093 
.ose 

:Z 
.134 
.w 
.u5 
.K6 
- 

z - 
I.055 
.obs 
:: 
.u9 
.m 
.14l 
.143 
.w 
.in 
.1-P 
.* 
.149 
.lha 
- 

O.&b 

-.W 
-.oxl 
-.03 
-.a6 
-.1* 
-.1a 
-.l% 
-.145 
-.=5 
-.084 
-.c67 
-.033 
-.@a 

0.008 
-.w 
.m 

-.a 
-.033 
-.W 
-49 

j 

-49 
-.W 
-.os* 
-.a 
-.C& 
-&SO 
-.aU 

30 

.m9 

.W 

.006 

.ou 

.W 

1 

.opg 

.OD 

.op 

.g7 
A42 
.obo 
.026 
.wl 

- 
1.052 
.cm 
.OP 
.0-B 
.o% 
.oes 
.OB 
.a98 
.lo6 
.laz 
.om 
m9 
.055 
.c& 
- 

- 
17 - 

MI7 

:Z 

:Z$ 
.a 
.w5 
a-7 
.lC6 
.u2 
.093 
.ogo 
mo 
.063 
- 

FG 
.051 
.06l 
.c& 
.079 
.@3 
.w 
.cs 
49 
a06 

:2 
.oss 
.u5l 
- 

- 
18 

Liz 
.053 
.OTl 
.082 
.og6 
.I.03 
.lcd 

22 
.u3 
.lo4 
.lol 

:2 - 

- 
1.034 
.cho 
.wo 
.ogg 
.os9 
.073 
.c&l 
.&3 
.035 
A05 
.a 
da? 
.067 
.c60 
- 

- 
19 - 

I.074 
.@3 
.w3 
.w7 
.lll 
.l.l4 
.l2? 
.KJ+ 
.W 
.W 
.n8 
.u6 
.093 
.o& 
- 

- 
La?3 
.w 
.038 
.&3 

:2 
.ti 
.076 
.078 
Jo3 
.a 
.on 
.062 
.057 - 

- 
20 

- 

:Z 
.023 
.030 
.w 
A57 
.067 
.oP 
.on 
.lC@ 
384 
.O& 
.065 
.060 
- 

- 
0.W 
-X04 
.m 
.008 
.w5 
.Chl 
.cs4 
.a7 
.&3 
.w 
.08% 
.om 
..M3 
.m7 - 

- 
l.al2 
.ol!s 
.a2 
.oe7 

:ZS 

:g 
.07z! 
.105 
.o#l 
.08l 
.063 
.cna - 

0.599 
.ex 
.9ca 
.939 
379 
.9m 

1.001 
1.009 
l.Qa 
1.039 
1.060 
1.102 
1.193 
1, - r - L 

26 - 
0.022 
-.Ol9 
-ai4 
-.CC5 

a9 
,037 
.043 

:Z 
.oe8 
.W 

:2-i 
.oeJl 

- 

Much 
lrLlmher 

- 
2l 

- 
Ml4 0 
.cn8 
.cea 
a34 
.e 
.060 
.OP 

:Z 
.loS 
.088 
.083 
.c68 
.065 
- 

- 
P 

- 
.ua? 
.a26 
.Ob 
.&l 
.@a 
.m 
.07-r 
*c&l 
.I%2 

:$ 
.o& 
.074 
.0-n 
- 

F - 
I.&? 
.d+r 
.05-r 
.a52 
.082 
.om 
a7 
a9 
.le 
.w 
.u4 
JOB 

:igi 
- 

2b - 
0.0?8 

-.036 

-.038 
-.030 
.035 
.m3 
.os 
.a3 
*oha 
.a57 
.m 
.OP 
.cQ 
47 - 

9 

.o.a8 
-.033 
-.oy 
-.a35 

.OlO 

.m8 

.033 

.033 

.dfr 

.wJ 
a-6 

:Z 
.c.m 

0.599 
.&e 
ml 
.939 
.979 
.ses 

1.001 
hJO9 
1.022 
1.039 
l.l%O 
Lla? 
1.198 
1.397' 
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. 
Continued 

lldicated (bliice zltlzber' mch 
XDnba- 1 2 3 4 5 6 7 a 9 ID ll 12 13 14 u 

i 

- l- 
~.oK 

.a23 

.a?9 

:z 
A7 

:Z 
.obe 
.wr 
226 
a.3 
.04 
.a27 

- 
.oK 
.ce 
.cTp 
.033 
.d+? 
.on 
.m 
.m9 
.oP 
.oQ 
.c47 
-039 
.w 
.ca6 
- 

- 
N.ooo 
.wl 
.a5 
.a? 
a.3 
.a7 
.w 
.@A 
.ot@ 
.* 
.034 
.a3 
.w 
.ol2 
- L 

a.09 
-.oeS 
--LO9 
-244 
-2-T 
-435 
-.I& 

-.* 
-.l% 
-U 
-.W 
-.osb 
-.066 
-.o& 

0.035 
-A6 
-.O% 
-.=l 
-.W3 
-.l& 
-.1-7u 
-A35 
-.145 
-.W5 
-*W- 
-.078 
-.W 
-.op 

TI 

0.0% 
-.078 
-.oT;! 
-.ti 
-.a23 
-AU 
-.OJ8 

.om 

.WT 

.ce? 

.OP 

:Z 
-03.l 

0.037 
-.ObO 
-A43 
-.a26 
-23 
-222 
-alo 
-.EB 
-.llS 
-.163 
-.I22 
-.lcd 

-.075 

-*CM 

z 

z C 
.w7 

.lol 

.u4 

.I43 

.I.% 

.ur 
J63 
-170 
a86 
.w 
.M 
.Irb 
.EJ3 
- 

O.OSU 
-.W 
-.oeO 
-.a3 

.cn6 
-.OlT 
-.078 
-.090 
-.OM 
-.lOb 
-.053 
-.057 
-.C68 
-.O% 

-I- 

o.oca 
-.W? 
-029 
.a4 

:Z 
.038 
.042 
A48 
.060 
A2 

:Z 
.a4 

18 

3.009 
-.CGl 
.a9 
.018 
.OP 
.035 
.039 
.oh4 
.m 
Al 
.053 
.a9 
.a9 
.a4 

- 
Mu2 
do8 
.ooo 
.oor 
.a3 
.oas 
.op 

:: 
.a7 
.ck? 
-032 
a3 
.a7 - 

lg - 
CL*1 

-.W 
-.ce3 
-.OJl 

.ae 

.a% 

2-Z 
.cel 
.qe 
al2 
-009 

-.CQh 
-SC28 
- 

O.Ol8 
-.a 
-.CUO 
--oqj 

.w 

.cm 

.cm 

.ce8 

.Oe8 

.059 

.a9 

.@I 
-017 
Al-r 

20 

O.W7 
-se6 
-.W 
-.Wi 

.afr 

.a2 
Al7 
.ce2 
se6 

$2 
.cm 
AI.9 
.a3 

- 
).a26 
..W 
..oz? 
-.OU 
.w 

:S 
.a3 
.a-r 
as 
.037 
.033 
.ca 
.m6 

- 
or 

2l 

0.029 
-.Cd 
-.02+ 
-Al6 

.ti 

.oog 
al4 
.oeo 
.oA 
.oP 
.OS 
.a3 
.w 
.ol4 

Q.ols 
-SW 
-.u8 
-.lC% 
-2332 
-.W 
-A43 
-.a 
-.023 
-.008 

AlO 
.cie 
Sal 
Au 

a.4 
-.lka 
-.WO 
-.W 
-297 
-.las 
-.llj 
-.X77 
-A6 
-226 
-.lM 
-A86 
-.C& 
-.-X6 

0.6Ol 

.799 

:E 

:g 

1.003 
la.4 
1.020 

1.&O 
l&3 
1.m 
1.2oe 
1.403 - 

- 
1-l 

- 
Lal8 

-.W3 
.wy 
.a4 
.a% 
.033 
a37 
.cJQ 
LA8 
x60 
.&l 
.03-l 
.a7 
.a4 

- 

-I 

I 

4 

~0.052 
-.OTJ. 
--o-w 
-.065 
-.030 
-.oeO 
-.a4 
-x05 

.ml 

.ca6 

.cn6 

.a?0 

.a5 

.ml 

16 

0.002 
.cc6 
.a2 
.a3 
.O% 
.040 
.ou 

:Z 
.065 
.ou 
.&l 
.022 
.w 

24 

0.059 
-a58 
-.0&J 
-AS5 
-.o?.l 
-.e 
-.ol4 
-.ooS 

.m3 
Al6 
.ce6 
.azl 
.ou 
.oK 

22 

0.035 
-.o* 
-.w 
-.CQl 
-.Oan 

so4 
.009 
-au 
.a8 
.&5 

:," 
.wl 
.009 

23 

a.059 
-.059 
-.@ 
-.045 
-.a?3 
-.COA 
-.ol4 
-.CQ8 
-.0X- 

.022 
SD3 
-003 

-.CCd 
-.W 

O.&Cl 

.+I99 

:Z 

:$f? 
l.ooO 
l.a4 
LCQO 
1.&O 
1.060 
1.038 
1.x12 
l.kl3 

. 

see ii&me 1 for lccatlal. 
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TABLE I;- EXPERIMENTAL PRESSURE COET!?ICIE~ ON SURFAC'l OF MODELS - 
Continued 

- 
l 

W’ hdicated Orifica Lumber’ 

lzzr 1 2 3 4 5 6 7 8 9 10 ll z-2 13 14 15 

- 

1.w 
.103 

:Z 
.Kr 
.l?J 
.* 
.142 
.145 
.m7 
.lok 

.o% 

.oe 
SW 

- 
Lees 
-097 
*lo5 
al2 

.=5 

.129 
.lP 
.140 
.W 
.l27 
.w 
.lsl 

:Z 
- 

- 
16 

- 
I.063 

1% 
.lOl 
.I03 
.llO 

:S 
.l22 
.=r 
Alo 
.I05 
.oa 
.w9 
- 

(kl Liz .om .003 .ws do8 
.u3 
a.5 
.Kl 
A27 
.Kl 
.lor 
.oss 
.085 
.079 
- 

- 
17 

xi 
.a?8 

:g 
.ro8 
JJ.3 
.ll6 
.Kl 
.ms 
J.3 
.u4 
.lW 
.09l 
.o&? 
- 
ofat: 

- 
l.o& 

.OP 

.080 

.om 

.lOl 

.w 

.ra9 

.u4 

.~18 
A?4 
.w 
.lOl 
.o@ 
.077 
- 

- 
18 - 

l-w9 
.w 
.lm 
.loB 

:Z 
.=9 
a4 
.u9 
.145 
.KE 
.I.23 
.106 
.wr 
- 
I. 

28 

Q.l.07 
-.loj 
-.oSa 
-.a?8 
-.O% 
-al 
-.o$l 
-.C40 
-.035 
-.C?S 
-.OU 
-.w 
-.CQ5 

.a7 

0.W 
-SC5 
-.001 
.ml 

-.OU 
-.a 

I 

-.088 
-.W 
-.0&3 
-A83 
-.ObO 
-.05-f 
-.oST 

- 
lg - 

.llO 0 
.I20 
.K8 
.u5 
.149 
A53 
.l% 
.160 
.16g 
.I%5 
a3 
.149 
.UO 
.u7 
- 

- 
20 

- 
~.ceT 
.033 
.*1 
.Go 
.0-P 
A78 
.fm 
.oes 
.og2 
.l24 
JO-i 

:Z 
.075 
- 

- 
2l 

- 
.w 
.W 
.045 
.* 
.m 
.@3 
.088 

25 
.I.@ 
.ll2 
,106 
.ogo 
.082 
- 

- 
22 - 

1.03 
.&8 
:Z 
.om 
.w3 
,097 
.lob 
.ti 
.wr 
Al2 
a.5 
.lM) 
.05e 
- 

O.ol6 
-.018 
-a24 
-.Ol6 
.020 
.L??l 
.ok3 
.049 
.055 
.Wl 
.a 
49 
.Osl 
.078 

- 
0.038 
-.a47 
-.0&Z 
-.a 
-.ol7 
-.Cdl 

SC6 
.Ol6 
as24 
.06l 
m4 
.m 
.Qm 
.079 

- 

a078 
-.I.07 
-.141 
-.I.88 
-.14a 
-.132 
-.ug 
-.lCA 
-.osS 
-.0-n 
-.@33 
-.W9 

9.ch7 
-.a 
-.w 
-.l46 
-AS6 
-.152 
-.u9 
-a?6 
-a.? 
-.@3 
-.w 
-.a36 
-.W6 

al4 

0.602 
.022 

:g 
.9m 
.991 

1.033 
1.W 
1.02l 
1.0112 
1.062 
l.lOl 
1.200 
1.4U? 

T - 
).a24 
Am. 

:kZ 
.u7 
.K4 
.l28 
.I34 
.w 
A68 
.m 
.145 
.lQr 
.u8 
- 

30 

Q-035 
-.0?3 
-.ON 
-.OZ? 
-.oaL 

.ccA 

.oog 

.a4 

.014 

:S 
.e? 
.OlO 

-.CQT 

O&Z 
.&e 

:: 
.9m 
4% 

1.003 
1.W 
1.W. 
1.042 
l&2 
l.lOl 
1.202 
1.402 
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TABLE I.- EXR3RXMWJ%.L F!FBSSURE COEFFIC~S ONSURFACE OFWDELS - 
Continued 

31 

~catsb m-lace ?alzcbar* 
mch 

nnbsr 1 2 3 4 5 6 7 8 9 lo 

I 
I 

a.046 
-.OU 
-.043 
-.& 
-.gP 
-.w 
-.cn4 
-.m3 
-.0X? 

.w 

.0(12 
4% 
-.olb 
-.a8 

19 

0.328 
--a9 
-a3 
-.290 
-.W 
-as7 
-.260 
-25-l 
-.23l 
-.w 
-.248 
-.22l 
-.2lT 
-.Pg 

20 

O.CC-5 
-X60 
-.059 
-.osO 
-.43 
-.Cd 
-.CQ2 
-.W 
-.W 

.a3 
-dXQ 
-.aJr 
-.olr 
-.CC?2 

J a- 
0.035 
-.lcJl 
-.Ul 
-.r?l6 
-St29 
-.2lr 
-.2-X 
-.lW 
-.170 
-.la 
-.=9 
-.U8 
-.M 
-.076 

Q.&l 
-.09. 
-.Ol8 
-.W 

.aJ3 

.w5 
.a3 
.cag 
.wl 

-.o(p 
-.aY 
-.CQ5 
-.c& 
-.021 

bdiorted 
mch 

r8mba- 

0.6422 
.m 

:g 
.w 
.w 

uxe 
1.012 
1.022 
l&l 
1.060 
1.099 
1.203 
Lbsl 

eeeflgwelfarlocstia. 

17 
Q.044 -I 

-.Ohl 
-.033 
-.a3 
-.Oll 
5008 

:Z 
.ol8 
.ca 

-:z 
-.CZ? 
-.CQ9 

A- 

(1.053 
-.O% 
-.O% 
-.049 
-.03 
-.(4 
-.cm 
-Al8 
-.a 

.a?4 
-.COl 
-.003 
-.0x6 
-.W 

Q-049 
-a53 
-.ogo 
-.02l 
-Al 
-.W 
-23 
-.2x+ 
-.2m 
-.198 
-.M 
-.X3 
-JO3 
-A78 

L 
o.cbs3 
--O-t2 
-.OTS 
-.WS 
-.042 
-.037 
-.CQ8 
-.a?6 
-.W5 
-.co3 
-.W3 
-SO7 
-.a7 
-.ol? 

O.Ct78 
-.osS 
-.loE 
-.a 
-.c& 
-.OS 
-.04h 
-.038 
--OS 
-.a7 
-SO5 
-.a0 
-.cn7 
-.w 

0.602 
.Boo 

$2 

:Z 
l.CC2 
l.CZl2 
1.CC.Z 
1.04l 
1.060 
1.099 
1.203 
1.U 

L 

LB 
0.029 
-.a28 
-.a? 
-.cng 
-.W3 

.ool 

.037 

.a29 

.a23 
sQ7 
.caJ 

-.wr 
-.C& 
-.W 

28 

0&g C 
-.oTT 
-.C5l 
-.034 
-.008 

.cu? 

.00-r 

.olo 

2-i 
.ok? 
.ck3 
.a0 
.m 

24 

0.49 
-.w 
-A03 
-.W 
-.&I 
-.m 
-.OU 
-.og 
-.032 
-.cn6 
-SC6 
-All 
-.W 
-.Wl 

Q.293 
-.3Ol 
-.Wl 
-287 
-.a69 
-.265 
-260 
-259 
-249 
-.a4 
-.234 
-a3 
-.2X? 
-A?. 
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TABLE I.- -mpRESSW COFaFFIC~S ONSURFACE OFMODELS - 
Concluded 

- 
-134 
.144 
.w 
A.62 
.1-E 
.lTl 
.l& 
.m 
.w 
.l82 
.168 
.l!s 
.140 
a28 
- 

- 
16 

- 
I.107 
a.8 
.E9 
.137 
.148 
.1$4 
.a56 
A3 
.m 
.182 
.162 
.1X 
.l34 
.I20 

- 

- 
1-f - 

I.113 
224 
.w 
.143 
J-55 
.ldl 
.l& 
.lss 
.1-n 
A89 
~68 
.163 
.139 
z-=3 
- 

- 
LJJ.5 
23 
.x6 
.144 
.ti 
.m 
~63 
268 
.17¶ 
.176 
.15? 
.I45 
.w 
.u9 
- 

- 
.I.&? 
.=3 
.w 
.us 
.144 
.w 
.I.53 

:Z 
37 
.w 
.x= 
.=9 
.u6 
- 

Icr - 
.w 
A.42 
.I.54 
.16l 
33 
.178 
.l& 
.186 
.w 
.2d 
.1m 
.le? 
.w 
,143 
- 

- 
.059 
.oT. 
.w9 
.om 
.106 
.u 
.u 
~26 
.lP 
A66 
.l63 

:$ 
AZ? 
- 

a 
- 
4 - 

.Ol7 0 

.a?2 

.ce? 

.w9 

.059 

.4t 

.079 

.oes 
ml 
.w 
.w 
.I.% 
.144 
.lP 
- 

I.032 
.039 
.oh6 
.cm 

:Z 
.I& 
a.4 
.l2l 
A8 
.l68. 
.l67 
.l& 
.I52 

O.&X 
.&o 

:E 
.983 
.s93 
.999 

LOX? 
l.op 
1.042 
1.061 
1.103 
l.KQ 
1.4a 

o.op 0.04 o.col 0.008 
-.a3 -.mYf -.w3 .ca 
-.057 -.a8 -ml .w4 
-.os -.osl -.ol5 .wr 
-.141 -*UT -.u3 .036 
-.=5 -.lm -.lOg -.&6 
-.U7 -,ogh -.l& -as3 
-LO4 -.om -.og6 -.ca 
-.* -.o?a -.o& -33 
-A%2 -.c43 -x69 -x65 
-.034 -.m -a33 -.038 
-.c?m .w -se? -.@I3 

L 

F- - 
C Lm9 
.09) 
.los 
.lJ.Y 
.143 
.45 
A.62 
.1-P 
.179 
.2& 
.222 
.2eJ. 
.a7 
.eog 

- 

28 30 

-0.22-f -0.065 
-.242 -.ca 
-.P%? 467 
-.252 -a&? 
-.2p -.&3 
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Circular cone - cylinder model 

. 15.15 

- 1 B5.50 . 

f 
-- I 

L -330 
- 5.50 

I 4 0 15 1 1.40 1 0 26 I .90 

* Opposite surface 

Elliptic cone-cylinder model 

Figure l.- Geometric details of models; dimensions in inches. 



(a) Circular cone-cylinder model. 

(b) Elliptic cone-cylinder model. 
A-22868 

Figure 2.- Photographs of models in the Ames 6 by 2-foot transonic 
wind tunnel, 
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Figure 3.- Pressure distribution on circdar cone-cylinder and dmng center 
line of elliptic cone-cylinder at a h%ch nuniber of 1 and at 0' angle of 
attack. 
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FFgure 4.~ Pressure distribution in spanwise direction on elliptic cone- 
cylinder at a Mach-number of 1 and at 0' angle of attack. 
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Figure 5.- Pressure coefficient at seversl locations on elliptic cone- 
cylinder as a function of Mach number at 0' angle of attack. 
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/Slender- wing theory 
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Figure 6.- Pressure coefficient at several locations on elliptic cone- 
cylinder as a function of angle of attack at a Mach number of 1. 
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Slender- wing theory 
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Figure 7.- The rate of change of aerodynamic lo&ding with a on elliptic 
cone-cylinder at a Mach number of 1. 
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Sknder- wing theory 
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Figure 8.- The rate of change of aerodynmic losding with clr at serersl 
locations on elliptic cone-cylinder as a function of Mach number. 
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Figure 9.- &BBUre distribution on circular cone-cylinder at a Mach number of I. at 0' angle 
of attack. 
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Figure 10.- &m3sure dWhTbution on circular cone-cylinder at x/Z = 0.486 aS 8 fkuction Of 
&&I nmiber and at O" angle of attack. 

‘ I r , 



+X3 % bbhae +X3 % bbhae 

.2 
Length, x/~ 

I I 0.25 % bkciwe, I 
*I I mrrected for interfermce7 1 

0.005 % Mockoge 

.6 .8 1.0 

Figure IL- Pressure distribution on circular cone-cyllmler 4-b a Mach number of 1 at 0' angle 
of attack. 
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Figure l2.- Schlleren photographs of flow field about clrzular cone-cylinder in the two test 2 
facilities at trsnsonic Mach numbers. 
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